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1. INTRODUCTION 
In chromatophores from Rhodopseudomonas 
sphaeroides, cytochrome c has several characteris- 
tics which suggest hat there are two distinct popu- 
lations. Among these are: 
(i) A displacement of the a-band absorbance 
maxima of cyt. c l-l.5 nm to the red in chro- 
matophores relative to purified cyt. c2 [1,2]; 
(ii) Intact spheroplasts and vesicles derived from 
them retain -50% of the cyt. c found in cells 
or chromatophores but this cytochrome is un- 
able to react rapidly with the reaction centers 
]2,31; 
(iii) In the presence of UHDBT the cyt. c oxida- 
tion kinetics measured at 551-542 nm show 
two approximately equal phases with half- 
times of -5-10 ps and -200 ,us [2]. 
Direct biochemical methods have shown that in 
both cells and chromatophores there are two separ- 
ate c cytochromes, a bound cytochrome cl (h,, 
552 nm) and a soluble cyt. c2 (A,, 550 nm) [3,4]. 
Here, we present evidence on the kinetic, spectral 
and thermodynamic resolution of the two c-type 
cytochromes, and show that both are involved in 
cyclic electron transport, and function in series. A 
preliminary report of some of this work has ap- 
peared in [5]. 
pared as in [6] and suspended in buffer (50 mM 
MOPS, 100 mM KCl, pH 7.0) to -0.2 PM reac- 
tion center. Time-resolved flash spectra and cyto- 
chrome kinetics were obtained as in [2]; the mono- 
chromator was a Hilger and Watts D330, and slits 
were set at 0.5 mm to give spectral bandwidth of 
1.3 nm. Cytochrome c2 kinetic changes were 
measured from the difference between the kinetics 
at 550 nm and 554 nm, and cyt. cl was measured 
at 552-548 nm. The flash redox titrations were 
performed as in [1,7]. Dark redox titrations were 
performed as in [8,9] and redox resolved spectra 
were obtained from full spectra redox titrations as 
in [lo]. The spectrophotometer used a Hilger and 
Watts D330, D331 double monochromator, with 
slits set at 1 mm to give a bandwidth of 1.3 nm. 
UHDBT was a generous gift of B.L. Trumpower 
and the antimycin was obtained from Sigma. 
3. RESULTS AND DISCUSSION 
2. MATERIALS AND METHODS 
Chromatophores of Rps. sphaeroides were pre- 
In fig. 1A spectra are shown of the two c-type 
cytochromes resolved by full spectra redox poten- 
tiometry. These spectra were obtained from a set 
of difference spectra measured at over E,, 200-400 
mV, with the spectrum at 400 mV as reference. 
The differences in absorbance change at 551 and 
542 nm as a function of Et, were abstracted from 
the data, and the resulting titration curve was used 
to find the best fit of components by computer 
analysis (see fig. 4 for typical results). For two 
n = 1 components, values for E,,, of 257 and 
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Fig. 1A. Chromatophores (-3 /IM reaction center) were 
series of wavelenghts and are plotted here. 
suspended in buffer (50 mM MOPS, 100 mM KCI, 
pH 7.0) and placed in a stirred anaerobic redox cuvette. 
The mediators present were: 100 ,uM benzoquinone, 
100 pM DAD, and 500 pM ferri-ferrocyanide. Also pre- 
sent were 2 pM valinomycin and 1 /IM nigericin. Spectra 
over the wavelength range from 515-579 nm were 
measured at 10 mV steps during a reductive and oxida- 
tive titration with similar results. The data from a reduc- 
tive titration, using sodium dithionite as the reductant, 
was analyzed for 1,2 or 3 components. The two compo- 
nent fit gave components with midpoints of 259mV and 
356 mV. These midpoints were used for further analysis 
to determine the absorption of each component at a 
354 mV were calculated. Using these values, redox 
titration curves of the absorbance change as a 
function of Eh were obtained from the set of 
absorption spectra, for a series of wavelengths 
through the full spectral range (with the change at 
542 nm as reference), and were fitted to find the 
contributions at each wavelength of the two com- 
ponents identified. The points in the figure show 
the contributions plotted against wavelength to 
give the separate spectra of the two components. 
Analysis of the set of data showed: 
(i) The titration curve measured at 55 l-542 nm 
was fitted by two components better than by 
one component; 
(ii) The h,, of the two components were different 
(Em7 = 354 mV, cy band, X,, = 550.5 + 0.5 
nm; Em,= 257 mV, LY band, A,, = 552 f 0.5 
nm); 
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Fig, 1B. Chromatophores (-1 ,uM reaction center) were 
suspended in 100 mM KCI, 50 mM MOPS (pH 7.0) with 
the following mediators: lOO,uM 1,2-naphthoquinone; 
2 PM each of PMS, valinomycin and nigericin; 4 pg/ml 
gramicidin; 10 PM antimycin; and 40 pM UHDBT. They 
were poised at Eh 100 k 10 mV in an anaerobic redox 
cuvette. Kinetic traces (av. of 16, 5 ms sweep, 10 ps filter 
RC, 30 s between flashes) were accumulated and stored 
at each point in the spectrum. The changes occurring 
over the times indicated give the spectra shown. 
(iii) In this preparation the components were 
present in approximately equal quantities (as- 
suming similar extinction coefficients). 
Similar titrations, but using various redox media- 
tor concentrations, have consistently shown curves 
which are better fitted by two components than 
one, and have given Em7 values of 348 + 13 mV, 
and 260 f 11 mV (av. of 8 determinations). 
In fig. 1B time-resolved spectra are shown of the 
flash-induced oxidation of the two c cytochromes, 
observed in the presence of UHDBT, to inhibit re- 
reduction by the Rieske-type FeS center [ll, 121 
and corrected for the reaction center change [2]. 
The spectrum of the change occurring from just 
before the flash to 32 ps after the flash has a peak 
at 550 f 0.5 nm. The change in absorption from 
32-532,~s after the flash gives a spectrum with a 
peak at 552 + 0.5 nm. Comparison of these spectra 
with that of purified cyt. cz and of cyt. cl in cyt. 
cz-depleted membranes [4,13], shows that t’he com- 
ponent with h,,, at 552-553 nm is cyt. CI. 
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From composite spectra obtained from several 
experiments of the sort shown in fig. 1, wave- 
lengths were chosen to measure one c-type cyto- 
chrome while compensating for the change due to 
the other. The ‘bound’ cytochrome (cl) can be 
measured at 552-548nm. The ‘free’ cytochrome 
(cZ) can be measured at 550-554 nm. Fig. 2 shows 
the kinetics of the two cytochromes measured at 
these wavelengths, and the kinetics of the total 
w 
v c2 I aA=!.74 x 10-3 
Fig. 2. Chromatophores were suspended to - 1 ,uM reac- 
tion center in 100 mM KCl, 50 mM MOPS (pH 7.0). 
Mediators were present in the following concentrations; 
at Et, - 300’ mV, 100 PM benzoquinone, 1 PM TMPD; 
at Et, - 200 mV, 100 pM 1 ,t-naphthoquinone, 1 PM 
TMPD; at Eh -00 mV, 100,11M 1 ,Znaphthoquinone, 
1 PM TMPD, 1 pM PMS. Present at all potentials were 
antimycin (10 PM), gramicidin (4 pg/ml), valinomycin 
(2,uM), and nigericin (2pM). Kinetic traces (av. of 8, 
5 ms sweep, lops filter RC) were accumulated at a set 
of wavelengths and stored for analysis. Cytochrome ct 
(CI + ~2) was measured at 551 nm, cyt. cr was measured 
at 552-548 nm, and cyt. cz was measured at 550-554 
nm. All changes were corrected for reaction center 
changes by subtracting the normalized 542 nm trace [2]. 
cyt. c (measured at 551-542 nm), measured after 
flash excitation at several potentials in the presence 
of antimycin. It is clear from these traces that the 
two c-type cytochromes have distinctly different 
kinetics. Cytochrome c, is oxidized very rapidly 
(t ,,* - 5 rs), while cyt. cr is oxidized much more 
slowly (tl12 - 150~s). At potentials where the 
quinone pool is partly reduced (Et, = 100 mV) re- 
reduction of both c-type cytochromes can be seen 
on the ms time scale. At an & = 2OOmV, where the 
quinone pool is oxidized, only cyt. c2 is re-reduced 
rapidly, and at 300 mV neither of the c-type cyto- 
chromes becomes rapidly reduced. Fig. 3 shows the 
kinetics of the two c-type cytochromes in the pre- 
sence of UHDBT, which inhibits re-reduction of 
the cytochromes by the Rieske-type FeS [l 1,121. 
Although the kinetics show a greater oxidation and 
an inhibition of re-reduction, the half-times of oxi- 
dation remain essentially the same. The traces 
shown here demonstrate that UHDBT inhibits the 
re-reduction of both cyt. c2 and cr. Whether this 
inhibition is due simply to the effect of UHDBT in 
raising the &,-value of the Rieske center or to a 
separate kinetic effect cannot be determined from 
these experiments. 
The sequence of electron transfer reactions from 
the c-type cytochromes to the oxidation reaction 
center (P’) can be firmly established from the 
kinetic results. Cytochrome c2 is the reductant for 
Eh= IQl’3 mV 
% 40 uM UHDBT T 
b\ 1 AA= 3 X 10-3 
Fig. 3. Chromatophores were suspended to -1 ,uM reac- 
tion center in 100 mM KCl, 50 mM MOPS (pH 7.0). 
The mediators present were 100 PM 1,2_naphthoquinone 
and 1 pM PMS. Also present were 1 PM nigericin, 2 /IM 
valinomycin, 4 rg gramicidin/ml, 10 PM antimycin and 
40 pM UHDBT. Kinetic traces (av. of 16, 2 ms sweep, 
5 ps filter RC) were accumulated at a series of wave- 
lengths and stored. 
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P+ with a half-time for oxidation of -5 ,us. From 
the volume of the internal aqueous phase, and the 
number of molecules of reaction center and of 
cyt. CJchromatophore, a second-order rate con- 
stant of -2 x 10s M-t .s-’ can be shown to ac- 
count adequately for this half-time, and this agrees 
well with a value measured using the purified com- 
ponents (8 x lo* M-l. s-l) [14]. Several groups 
[14-161 have suggested that an association between 
cyt. c2 and the reaction center may occur, giving a 
first-order process for oxidoreduction in the com- 
plex, and the kinetics measured at high concentra- 
tions of the purified components show first-order 
characteristics. It is not clear whether the reaction 
is first or second order in situ; however, it is clear 
that cyt. c2 is a necessary intermediate carrier be- 
tween the ubiquinol:cyt. c2 oxidoreductase com- 
plex and the reaction center, since the oxidation of 
cyt. cl following a flash [2] or continuous il- 
lumination [3] is greatly slowed when cyt. c2 is ex- 
tracted during preparation of spheroplasts or of 
vesicles derived from spheroplasts [2,3]. In view of 
the relative stoichiometries, 1 cyt. c2 and 1 cyt. c1 
for 2 reaction centers [5], it seems clear that cyt. c, 
must leave its site of oxidation and cycle between 
the complex and the reaction center in order to 
complete the oxidation of both cytochromes, and 
the reduction of P+. 
While it is clear that cyt. cl, and from the ef- 
fects of UHDBT, also the FeS center, are oxidized 
via cyt. c2, the relative positions of FeS and cyt. c1 
are more ambiguous. The most reasonable conclu- 
sion is that FeS is oxidized by cyt cl, and that the 
high potential components are arranged in the 
series FeS-cl-c2-P. This arrangement is consis- 
tent with the kinetic behavior, and with the obser- 
vation that UHDBT inhibits re-reduction of both 
c-type cytochromes. However, on the basis of the 
kinetic evidence we cannot exclude the possibility 
that FeS and cyt. cl operate in parallel. By 
analogy with the mitochondrial complex, such a 
parallel pathway seems unlikely, since in complex 
III the binding site for cyt. c on the complex is the 
same as that on isolated cyt. cl [17], and in the 
isolated complex, removal of FeS mimics the ef- 
fects of UHDBT in preventing reduction of cyt. cl 
but not its oxidation [18]. If a parallel pathway 
does operate, it would be necessary to postulate 
that FeS and cyt. cl are in rapid equilibrium, since 
the kinetics of the UHDBT-sensitive reaction [19], 
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Fig. 4A. Chromatophores were suspended to -3 PM 
reaction center in buffer (100 mM KCl, 50 mM MOPS, 
pH 7.0) in an anaerobic redox cuvette. The mediators 
present were: 100 ,uM benzoquinone, 2 uM valinomycin, 
1 pM nigericin, 100pM DAD, and 500~M ferri-ferro- 
cyanide. Spectra were scanned over the wavelength range 
from 515-579 nm at each .&. The difference measured 
at 55 l-542 nm was normalized to the maximum change 
and plotted. Different symbols represent different 
experiments. 
160 2ccJ 240 280 320 360 
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Fig. 4B. Chromatophores were suspended in 50 mM 
MOPS, 100 mM KC1 (pH 7.0). Kinetic traces (av. of 4, 
10 ms sweep, 20 PCS filter RC) were averaged and stored. 
The extents of the cyt. cr oxidation were measured and 
analyzed for their midpoints. The extents were then nor- 
malized with the theoretical maximum being lOO%, and 
plotted. The different symbols represent different ex- 
periments. Present in all experiments were 1 PM valino- 
mycin and 2 pM nigericin: (A) mediators 1 pM TMPD, 
100 pM ferri-ferrocyanide, 100 pM benzoquinone, 
theoretical Em7 = 256 mV; (0) 1 ,JLM TMPD, 100,~M 
ferri-ferrocyanide, 100 ,uM benzoquinone and 40 PM 
UHDBT, theoretical Em7 = 252 mV; (0) 2 gM DAD, 
2 pg gramicidin/ml, 100 FM ferri-ferrocyanide, 
theoretical Em7 = 268 mV. 
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cyt. c, oxidation and cyt. c2 re-reduction all occur 
with half-times of 100-200 ,us. Because of the stoi- 
chiometries of the components, the separate 
kinetic contributions of the different processes to 
the observed kinetics (fig. 2,3) cannot be simply 
resolved. 
In fig. 4 a dark equilibrium redox titration is 
shown of the total c cytochrome measured at 55 l- 
542 nm and a redox titration of the flash induced 
oxidation of cyt. cl measured at 552-548 nm. 
Through the points from the dark redox titrations 
(fig. 4A) are drawn computer-generated one- and 
two-component curves with E, 315 mV and 
340 mV and 265 mV at relative concentrations of 
62% and 38%, respectively. The points from the 
titration of cyt. cl oxidation (fig. 4B) show 
-20 mV of hysteresis between oxidizing and re- 
ducing titrations. Drawn through the data are two 
theoretical one-component curves with midpoints 
of 250 and 270 mV. 
4. SUMMARY 
These results show that the ‘bound’ c cyto- 
chrome (cl) is a functional component of single- 
turnover photosynthetic electron transport. The 
cytochrome appears to have a midpoint potential 
of 260 f 11 mV as determined by flash and dark 
redox titrations. This cytochrome is apparently 
oxidized by cyt. c2 and its re-reduction is inhibited 
by UHDBT. Whether the ‘bound’ cyt. c is reduced 
by the Rieske FeS center, or is reduced and oxi- 
dized in parallel with it cannot be determined from 
these results. The values for the midpoint potential 
of cyt. Cl (E, - 260 mV) from both sorts of ex- 
periments above are in contrast to higher values 
(Err, - 285-290 mV) reported in [4] using sphero- 
plasts, and in [13] with a partially purified ubi- 
quinol : cyt. c2 oxidoreductase complex; we have 
also been able to measure a higher Em-value 
(285 mV) for cyt. cl in spheroplasts (not shown). 
It seems possible that the differences between these 
values may reflect either the fact that in these ex- 
periments, the potential was measured in the pre- 
sence of cyt. c2, or that in the chromatophore 
system, the cyt. cl site is inside the vesicle. 
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